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Arcjet Diagnostics for Measuring Velocity, Density and Temperature
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Hughes STX Corporation, Phillips Laboratory, Edwards AFB, CA 93524
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Abstract
New diagnostic techniques to measure the fundamental plasma properties of an arcjet are being developed collaboratively between the
Air Force Phillips Laboratory and the University of Southern California. These diagnostics are for measuring each of the principal
parameters defining the plasma state within an arcjet: velocity, temperature, and density. Velocity measurements are being obtained
from a new technique we have named Current Modulation VelocimetTy (CMV). A current spike applied to the arcjet input current
generates an optical emission event that is observed to travel downstream With the propellant flow. Observing this event at two axial
locations, a fixed distance apart, provides an average bulk velocity of the gas flowing out of the arcjet nozzle. Species density
measurements are to be obtained using Pulsed Electron Beami Fluorescence. A pulsed beam of focused electrons bombard a gas sample
causing the resulting emitted fluorescence to be proportional to the local species density. Proper calibration with known samples can
then provide absolute density values. Emission spectroscopy is employed to measure propellant excitation, rotational and vibrational
temperatures inside the arcjet nozzle. Small (0.020") holes have been drilled through the arcjet nozzle to provide internal optical access.
Velocity and density measurements are being conducted on the standard NASA Lewis lkW arcjet while spectroscopic measurements are
being taken on a 30kW class arcjet.

Introduction atomic species include: unrecovered dissociation, electronic
excited states, and ion-ization, while molecular species also

Arcjets are expected to play an! ever increasing role in satellite have rotational and vibrational energy states that are not fully'
propulsion needs, primarily stationkeeping and' on-orbit converted to kinetic energy. The primary purpose of the
maneuvering in the near term. While 'the- technology is temperature measurements described in this paper are to
considered viable enough to be deployed on a Telstar IV further investigate these energy loss mechanisms.
communications -satellite for stationkeeping,' arcjets are far
from a mature technology. After stationkeeping, one of the 'Another significant'category of arcjet energy loss is velocity
next steps for electric propulsion will be orbit transfer profile losses which are the result of thick internal boundary
missions. With the upcoming ESEX flight test of a high layers in the arcjet nozzle. These boundary layers are a direct
power arcjet in late 19952, high power arcjet technology is result of the high propellant temperatures in the nozzle
being further advanced to fill this niche. However, in order to leading to high viscosity. To better understand profile losses,
compete successfully with chemical propulsion systems for both gas velocity and density distributions must be known.
orbit transfer missions, further improvements in arcjet
propulsion systems are still required? If needed At present, only limited inroads have been made into the
improvements in the performance level and efficiency of problem of plume density measurements, as standard
"arcjets are to be achieved, an increased understanding of the diagnostic techniques like Laser Induced Fluorescence (LIF)
fundamental physical processes that govern the operation of cannot measure ground-state density, and techniques which
an arcjet is essential. can do so, such as XUV spectroscopyt(s) are quite difficult to

implement in practice. This paper discusses the calibration
To increase the overall efficiency of an arcjet, it is important results for a new diagnostic technique which promises to
to understand the major energy losses, of which frozen flow is provide point density measurements of any desired species in
believed to be the dominant factor. Frozen flow losses of the plume.

For* measuring velocity, Laser Induced Fluorescence has
** Research Scientist, Student Member AIAA proven to be a very accurate and nonintrusive diagnostic

T Scientist, Student Member AIAA technique. Unfortunately, it is 'rather expensive, it requires
T- Research Assistant, Student Member AIAA extensive expertise and it provides time-averaged values. We
S Associate Professor, Member AIAA have developed a new velocity diagnostic that is inexpensive,

fairly easy to operate, and is time-resolved. Velocity
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fluctuations may also lead to viscous losses that can be
recovered. Currently, there is no other time-resolved velocity
measurement available that is applicable to arcjet plumes. , .T- -

Information obtained from all three diagnostic techniques • I,
about the energy distribution in an arcjet is beneficial for both 6 4 ,
designing next-generation thrusters and for comparison with -• .
num erical m odels. 4 ... . . . . . .... ..

- p 4O r07orr

Part I: Time Resolved Measurements of 1 kW a a a a a a a

Arejet Plumes using Current Modulation 00 5 10 A ... a'.... 40 45i...e..,

Velocimetry (CMV) "a] Position (mil,•,r)

Figure 1: Mean Velocities and Fluctuations
Background Downstream of Arcjet Nozzle Exit

Although much research, both experimental and numerical, This work employs the use of an automated triggering circuit
'has been conducted on arcjet plume characterization over the in conjunction with the CMV technique to measure velocity at

last 30 years, almost all previous studies assumed that the a time when the current ripple is at a specified level. This
arcjet operates in a steady-state mode. However, when current allows multiple velocity measurements taken for statistical
is provided by a high frequency switching power supply, it is purposes to be triggered at the same phase in the current
found that the current delivered to the arcjet modulates at the ripple.
PPU switching frequency. How current modulation affects
overall arcjet thruster performance is not fully understood. Experimental Description
Current modulation is thought to potentially play a role in
electrode erosion effects, while reference 6 clearly Experimental Conditions and Equipment
-demonstrated that excited state frozen flow losses are affected
by current modulation. It must still be resolved how current CMV experiments were conducted in the Optical Diagnostics
fluctuations affect mean velocity and frozen flow: Chamber (see Figure 2) of the Air Force Phillips Laboratory
dissociation, ionization vibrational and rotational energy Electric Propulsion Lab. The arcjet used here is a l-kW-class
losses. radiatively-cooled engine, constructed and furnished by

NASA Lewis Research Center. Standard operating conditions
In order to obtain velocity fluctuation data in an arcjet plume, of 1.13kW (112.5 V and 10.1 A), with 13.7 mg/s mass flow of
it was necessary to develop a new velodity diagnostic.7 This hydrogen propellant were employed. The experiments were
diagnostic, called current modulation velocimetry (CMV), conducted with a background chamber pressure of -35
measures instantaneous velocity over a spatial region between millilorr.
two points. A current spike applied to the arcjet input current cmpim
generated an optical event that was observed to travel
downstream with the'gas flow. Observing this event at two
locations a fixed distance apart implies an average bulk Probe

velocity of the gas flowing out of the arcjet nozzle. CMV is
the only technique presently being employed that provides Fh WC~
instantaneous velocity measurements of the arcjet plasma L=S
with temporal resolution of a few microseconds, The
disadvantage of the.CMV technique is that it employs spatial T L"

averaging over an axial distance of several mm and it is a
line-of-sight radially integrated technique.

In Reference 7, the CMV technique was used to measure
fluctuations in velocity as large as +±20% of the mean velocity W2
(see Figure 1). The source of the fluctuations in the gas
velocity was not ascertained, though it was surmised that the Figure 2: CMV Experimental Setup
velocity fluctuations might be linked to the ripple in the
current applied to the arcjet. The operating conditions are similar to those. of other groups

involved in optical diagnostic velocity measurements,8
allowing comparison of experimental results to be made.
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Power was provided by a NASA Lewis 1-kW power 30-.60 m/s for plume velocities on the order 5-10 km/s; this
processing unit (PPU). The PPU is a high-frequency switching accuracy is comparable to those of recent CW-LIF results.0"9

power supply, operating at 16 kHz, and generates a 20%
peak-to-peak current ripple. The vacuum system consists of Note that the velocity measurements obtained with. CMV,
an aluminum chamber, 3 m in length and 2 m in diameter, while still position-averaged over the -detector separation'
Two 9500-cfmn Roots blowers evacuate the chamber; each is (here, 3.29±0.05 mm), are instantaneous. The principal
backed by a'1600-cfm blower and a mechanical pump velocity- diagnostic presently being used for arcjets is

continuous wave (CW) laser induced fluorescence (LIF)8'
For the optical emission measurements, two Hamamatsu which provides spatially resolved mean velocity
R943-02 photomultiplier tubes (PMT) were used. A 10 nm measurements but with very limited temporal resolution. LIF
Melles Griot interference filter ()0 =656.3 nm) and appropriate measurements, determine the absorption lineshape by
,neutral density filters were placed in front of each PMT to scanning in laser wavelength, which takes a minimum of
insure that only the Ha emission was observed. The optics several, seconds to determine a velocity. In principle, a
train of each detection system is identical. All optical, current Doppler-shifted emission lineshape could be recorded
and voltage signals were recorded on a Tektronix DSA 601 instantaneously by a spectrograph and a gated imaging
digital signal analyzer or a Tektronix TDS 644A digital detector, but we know of no plume measurements in which
oscilloscope. Doppler shifts have been so measured. (In the recent Stuttgart

work of Zube and Auweter-Kurtz," instantaneous lineshapes
Current Modulation Velocimetiy were recorded in order to measure arc properties [gas

excitation temperature and electron density].)
The current spike needed for CMV is generated by a simple
RC shunt circuit which is installed in parallel with the arcjet. An automatic optio-isolated MOSFET circuit allowed
Upon closing a switch between this circuit and the arcjet computer control of the start time and duration of the
circuit, the arcjet voltage appears across the shunt, charging modulation to the arcjet current (see Figure 3). The switch
the capacitor over several 1-microsecond RC time constants. closes based upon a trigger from a pulse generator. The
The shunt criiient is thus a several-ampere pulse lasting a few generator issues a. pulse when the measured circuit current
microseconds. The shunt current is subtracted from the arcjet reaches a pre-set trigger level and after a computer request for
current, which results in a spiked current dropout (the total an event has been received. This allows the operator to issue a
current from'>the PPU is constant during this time, as it is held request for a measurement and have that measurement take
up by an output inductor of several mH). place the -next time the PPU current ripple is at the specified

phase of the current ripple.
The positive. ring of the current pulse generates a sharp
emission spike. The emission spike is delayed with respect to rro, Compute
the current spike; this delay is equal to the integral of~j,/v over Fu, o

the distance from the arc-heating region to the detection '-ne lor Contr•l

station, where v is the plume velocity as a function of axialC
position. A portion of the flow inside the arcjet is thus P Phr,

"tagged" by the current pulse.

The emission spike is recorded at tWo different downstream 0or+
locations. A best-fit transformation between the two digitized .

emission spikes is determined using the standard
Levenberg-Marquardt method." The generated covariance imn T .L
matrix gives a measure of the confidence interval of the
best-fit parameters, assuming the measurement of the -optical
signal to be subject to. uniform, normally-distributed scatter. Figure 3: Automated CMV Setup
Error bars indicate the precision of each measured velocity
and are computed using a one-standard-deviation confidence
interval of the horizontal translation (the time delay between Results
the two emission spikes).

Examining the CMV Technique
The current and emission spikes are of a few microseconds
duration. Time delays between the emission spikes at the two Figure 4 illustrates- the effect of the CMV technique on the

'locations can be resolved to within one nanosecond, leading arcjet's current and voltage. The arcjet current ripple (caused
to a velocity measurement whose accuracy is in the range' by the switching' nature of the arcjet PPU) is briefly

interrupted by a sudden loss while the capacitor charges. The
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,current then rings upward- and significantly overshoots its In addition to arcjet current and voltage probes, a Hall-effect
previous maximum. -After quickly dampening, the current current probe was placed on the RC circuit. Two digitizing
begins its previous PPU - induced ripple. Note that the voltage o~scilloscopes were used in :order to simultaneously observe
across the arcjet also has a characteristic ripple and that it is several transient signals. These include: the arcjet.current and
almost 1800 out of phase of the current. This is expected due voltage, the current through the circuit when the switch~ is
to! the negative impedance characteristic found in arcjet closed, the gate, controlling the switch, and the two emission
devices.1 traces taken from the photomultiplier tubes. The resulting

scope n-aces are shown together with arbitrary vertical units in
200 Figure 6.
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ag ad Noise in the optical emission , which starts at 4 isec in Ficgure

10 11 12 13 14 isU, (it has been verified to be completely optical in nature) is
Time (irS) seen simultaneously by both PMT's when the adrcjet current

first begins tonrise. This is then followed by a much more
r igure 5: Typical CMV Effectre Resolved View significant increase in Balmer-alpha emission at 6 zersec. This

increase occurs at both control volumes but at different times,
being seen first at the upstream PMT focal point.
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The optical noise seen as the arcjet current first rises does not consequently higher voltage) this behavior is no longer seen.
demonstrate a time shift as does the emission that follows it. Therefore, the implementation of the CMV technique appears
Thus, the two different emission phenomena seen at 4 and 6 to rely upon a minimum voltage across the arcjet in order to
psec are most likely caused by different excitation processes. generate a subsequent. ringing in the arcjet current when

current is redirected into an RC circuit. It is likely that this
It was previously stated7 that the optical emission subsequent ringing is the key phenomena, inducing the
phenomenon that progresses downstream in the plume comes emission which proceeds downstream, and thus allowing
from electron recombination which repopulates the uppermost time-of-flight velocity measurements to be made.
energy levels. The electrons subsequently cascade downward
to repopulate the H Balmer excited states which are then Velocity Measurements
observed by the PMTs. This explanation still appears valid for
the large time dependent emission peaks which begin at 6 In order to make velocity measurements while "linked" to the
gtsec. Howeve-, the optical noise seen at 4 gsec must warrant PPU current ripple, a computer controlled MOSFET gate
a separate explanation due to its time independent nature. One- switch was implemented. In using this switch a new
likely theory is that the optical emission at 4 sec in the arcjet parameter in CMV operation was required, this being the
plume is caused by the reabsorption of photons generated at length of time that the RC circuit was closed (the gate width)

plume in caralee byt the arcet.to Voiaio phofn geerte att widt
the arc core inside the constrictor region of the arcjet as and in parallel with the arcjet. Variation of the gate width
suggested by Cohen, et. a.1 3  took place and results of interest are shown in Figuie 8.

When starting the arcjet, the voltage characteristic of the The gate width was varied from 1/2' s to 100's of ps in length.
thruster changes slowly as the nozzle heats up. The mean The mean velocity measuredwas basically the same as long

voltage increases while the heating takes place. Prior to as the gate width was above 3 Its. Mean velocities measured
reaching a steady state voltage a curious behavior is noted to were observed to decrease as the pulse width was decreased
intermittently take place when implementing the CMV for the equivalent test conditions. Figure 8 demonstrates this
technique. Though the proper trigger gate and initial current behavior for three different power conditions. The P was
behavior temain the same, differences in the current held constant by reducing the mass flow through the arcjet as
overshoot"!appear to lead to a situation where the emission power was decreased. Note that for the 1.13kW case, the
spikes used for v'elocimetry do not appear. This situation is decrease in velocity measured was less evident than in the
shown in Fgure 7. lower power cases.

10

Circjet 6

Currenta a7

n 4

Chn,. Gate, il

PuI' Glse 3 '•1.13kW, 13.7 -g/h

So __ • - - - •, ,• • LOOM', L2.1 rn h;

"M-T " - 2 D.88kW, 10.6 ,,gh,

0 2 4 6 8 10 12

T e ) 0 4 6 & 10

Figure 7: Arcjet and CMV Properties vs. Time Gate'Width Tiune (is)

No CMV Emission Figure 8: Mean Exit Plane Velocity Measurements vs. CMV gate

Width
Note that the first four microseconds of the "non-emission"
case are essentially identical to the previous case depicted in The shorter gate widths cause a change in "measured"
Figure 6 where Balmer-alpha emission is present. The sharp velocity between the two emission collection points in the
rse in current that followed in the previous case is not present plume. When the RC. circuit is connected to the arcjet for less
and both types of emission previously observed are absent. than 3 microseconds, the behavior of current and voltage is
This prevents a CMV velocity measurement from being made similar to that seen in Figure 7 where the voltage is
and appears only in situations where the arcjet voltage is insufficient for CMV emission to take place. The short-gate-
lower than the standard operating condition of 112.5V and width-behavior differs from that of Figure 7 since CMV
10.1A. As the arcjet is operated at lower current (and emission occurs, though at lower intensities than desirable.
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These lower velocity measurements are not due to a lower causing the fluctuations in arcjet plume velocity? Attempts at
signal intensity but are suspect in the fact that the emission determining a fluctuation frequency through a real time
shape is less defined. It is possible that the recombination transformation of the difference between the emission from
processes that repopulate the uppermost electronic levels are the two imaging points provide inconclusive results. Certainly
incomplete when the circuit is in parallel with the arcjet for finding a fundamental frequency of velocity fluctuation might
short durations. We surmise that the lower velocities result narrow the possible causes of this phenomenon, though it
from utilizing a waveform that undergoes change as it remains to be seen if a single cause can be pinpointed.
traverses between the two imaging control volumes. 12

The average velocity and standard deviation of velocity
fluctuation measured at the nozzle exit using CMV with a , ' u5
gate width larger than 3 microseconds is shown in Figure 9 I
along with LIF longitudinal velocity data from Liebeskind et . 6

> 4
14

12 2

10 IS , , . . 1%
0. 30' 60 ' 90 I *10 150 180 230

S - Current Ripple Phase

6 Figure 10: CMV Velocity Exit Plane Measurements
+ :at Valrious Current Ripple Phases

4

2 ChTN'I.D : L6ecii.nd ea i.Iie
0. CMV Ou t.: LoS Mo.n VdehclyCNIV Data: Veloeity Standard Deviation

.6 .4 -2 0 2 4 6

Radial Position (mur)
[LIF onlyJ

Figure 9: CMV and LIF 1kW Arcjet Velocities at Nozzle Exit

In this figure, radial, point-specific, time-averageld LIF
velocity measurements are compared with a mean,
line-of-sight CMV velocity shown as a line across the graph
with two dashed lines representing the standard deviation of
observed velocity fluctuations. Though the density of excited
state H is not available to weigh the LIF data and obtain an
mean LIF velocity, relatively good agreement between these
two techniques is observed.

It has previously been surmised that the fluctuations shown in
Figure 9 and in our previous work7 have been a consequence
of the oscillating nature of the internal energy dissipation of a
tkW arcjet due to the PPU current modulations. Triggering at

a constant PPU ripple level, Figure 10 shows measured mean
velocity and standard deviations while triggering at constant
current ripple phase.

* In Figure 10, no change in mean velocity value or substantive

change in fluctuations can be directly related to PPU phase
angle. If the velocity is changing with respect to the current
ripple,' a significant decrease in fluctuation and change in
mean velocity should be observed.

With no apparent connection between the PPU ripple and the
mean velocity, the question arises once again: What is
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Part H: Pulsed Electron Beam Fluorescence more involved. The plume of a low-power helium arcjet
consists primarily of ground-state helium atoms at a density of

Background order -10" cm, 3 with a- small population of excited-state
Atoms, ions, and free electrons. When an electron beam passes

This section discusses a new diagnostic which uses pulsed through the plume, it will excite atoms and ions by inelastic
electron beam fluorescence (PEBF) to measure total species collisions regardless of initial state.
density in the plume. Since electron collisions are capable of
exciting any atom, molecule, or ion in any state, an electron The population of atoms excited to state i by a pulsed beam is
beam fluorescence technique can measure the density of a given by the following equation:
species independent of state. We expect that the use of PEBF
will produce accurate species-specific ground state density Ni = Ib Tb L N. Qo1  (1)
measurements in arcjet plumes, with spatial resolution of
approximately one millimeter. where I, and Tb are beam current and duration, L is probe

volume length, N. is ground state number density and Q.1 is
The electron beam fluorescence technique has been used in the cross section for electron impact ionization to state i.
extremely low-density flows for almost thirty years."' 8

Traditionally, low-current dc electron beams are used to For ground-state helium excited to the N=3 state by 30 kV
excite atoms and molecules in the flow arid the resulting electrons, this cross section"- is 4.2x10`9 cm.2  Assuming a
fluorescent emission is collected and analyzed. At densities of beam current of 100A and Ions duration, a probe volume of
greater than 1016 cm," collisional quenching causes the 1mm 3, and a local density of 1016 cm3 , we expect a population

signal to lose density dependence. Moreover, beam of 2.6xl09 N=3 atoms in the probe volume. For comparison,
divergence causes a significant loss of spatial resolution at with a local temperature of 10,000K and electron density of
such densities. This precludes the use of conventional EBF in 1014 the Saha equation2" gives a much lower background N=3
an arcjet plume. population of 1.3x0l cm 3 .

However, by using. a high-current, pulsed electron beam in The cross-section for collisional quenching of the N=3 state
conjunction with a fast gated detector it is possible to use in helium22 is approximately 1.5xl015 cm.2 The quenching
-electron beam fluorescence at much higher densities, rate is given by:
Quenching will still cause the emitted signal to take on a
Stern-Vollmer form, with time-integrated emission Di. = 2 N. Q. [2kT/pM, } '12 (2)
sublinearly dependent on density. However, if the pulse
length is small compared to the quenching timescale, the peak At the temperature and density expected in the plume; this
emission will be unaffected by quenching and will retain full corresponds to a quenching timescale of 300ns, much longer
density dependence. Also, at high currents and moderate to than the pulse length or the signal collection time. Therefore,
high gas pressures, an electrostatic self-focussing effect has the time-dependent signal will be directly proportional to the
been observed which maintains beam collimation despite local number density. Given the spontaneous emission
scattering effects. 19 coefficients A3, and A32 for helium (5.66x10 8 and 0.i3x108 ,

respectively23), the anticipated signal for a local density of
Until recently, it was not practical to generate pulsed electron 1016 cm"3 is 6.Ox108 photons at 5015.7A emitted during the ten
beams of sufficient energy or current for diagnostic use. nanoseconds immediately following excitation.
However, the recent development of pseudospark discharge
switches has provided a simple and compact means of The magnitude of this signal, along with its linear density
generating electron beams with the necessary characteristics. dependence, is the primary motivation behind the PEBF
We have explored the use of such devices for diagnostic technique. Since the signal is several orders of magnitude
purposes for several years,"9 and are currently developing a greater than the background emission of the plume, it is easy
facility for applying PEBF diagnostics to low-power arcjet to detect and isolate. After calibration of the experiment with
plumes. a static gas of known density, it is straightforward to extract

the number density in the probe volume. Furthermore, this
PEBF Operation signal is strong enough to be easily detectable even if

densities are an order of magnitude less than expected, and
To simplify interpretation of the initial PEBF results, we have fast enough to overcome quenching at densities an order of
chosen to use helium as the arcjet propellant. Helium is a magnitude larger than expected.
monoatomic gas and thus we simplify the number of possible
excitation modes. As discussed in reference 15, this Successful use of the PEBF technique hinges on the ability to
diagnostic is expected to also be applicable to polyatomic generate a pulsed electron beam with appropriate current,
species, however, fluorescence signal interpretation will be energy, pulse length, and diameter. As pseudospark discharge
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devices are capable of producing beams with electron at the desired wavelength. Unfortunately, it is not possible to
energies of 20-50kV, currents of several hundred amps, pulse calibrate at pressures higher than 200 microns in this facility
lengths of order 10ns, and beam diameters of about due to interference with gun operation from contamination of
1mma.15 4  The electron gun is sensitive to the environment the discharge chamber with the test gas.
in the discharge chamber, thus, a separate gas feed is required
in addition to a vacuum isolation system between the gun and _ k 792D
the test chamber. O.85rDo e P - g e

$pecirorneier

The utility of electron-beam fluorescence would be seriously 'tg r
limited by beam divergence were it not for the fortuitous Pw

occurrence of a self-focussing effect." If a high-current beam
passes through a relatively high-density gas flow, it will (N 2 rf
produce a significant degree of ionization. The positive ions E-Gun

prd c *,n Electron Bearn-1

will not move noticeably during a 10-ns pulse, but even leV
secondary electrons. will move several millimeters during this
period, and therefore leave the beam. path. This results in a Vacuum Charre

narrow core of positive charge surrounded by a negative
sheath, and tends to confine the electron beam. Figure 11: Calibration Facility Schematic

If the positive ion density in the beam. path is comparable to
the electron density -in the beam, this self-focussing will The-gun was fired thirty-two times for each condition, and the
largely prevent beam divergence due to space-charge results averaged by the digitizer to produce a representative
repulsion. Calculations based on known ionization and signal vs. time trace. The peak and time-integrated signals
scattering. cross-sections indicate that self-focussing should were compared with the known pressure to determine the
occur at densities between 1013 cm-' and I0'7 cm"-, and calibration curve. Signal averaging was used to minimize the
possibly higher'5 , Which is consistent with our observations. effect of pulse-to-pulse variations in beam current and
This density range covers the expected plume environment, so collimation.
beam divergence should not be a factor in this application.

In operational use, a Rogowski coil will be used to measure
Experimental Apparatus beam current, and the observed fluorescence will be

correlated with the current to reduce the effects of beam
Initial PEBF measurements will be made on a NASA variations, and possibly compensate for trigger jitter as well.
Lewis-designed 1-kW helium arcjet. The use of helium Unfortunately, commercially available coils do not operate
simplifies the calibration procedure significantly as opposed well in the interference environment created by the electron

to performing calibration with hydrogen. The arcjet is beam. While we have manufactured shielded Rogowski coils
installed in a steel chamber of 1-meter diameter, with *a for this purpose, they could not be easily mounted in the
6000cfm vacuum system to maintain background pressure calibration facility.
within acceptable limits during operation. Calibration Results

While the arcjet facility is under construction, we have begun
calibration of the PEBF system in a smaller test facility. A The photomultiplier tube (PMT): output from the calibration
schematic of the calibration facility is shown in Figure 11. experiments was recorded versus time at varying test gas
The pulsed electron gun (PEG), which operates at 35kV on pressures. These plots are displayed in Figures 12 and 13. As
hydrogen, fires into a chamber containing the test gas (helium expected, 'the peak value of the observed signal increases with
or nitrogen). The subsequent fluorescence trace is captured rising species density, and Figure 14 illustrates the nearly
using a Hamamatsu R943-02 photomultiplier tube through a linear relationship between density and integrated signal
double .85m Spex spectrometer. The light from a small- strength for helium emission. The relationship between
control volume in the calibration chamber is focused through integrated signal strength and nitrogen emission is not as
a lens and mirror combination to the spectrometer entrance linear.
slit.

The FWHM of the curves and their associated delay times
Calibration Experiment decrease with increasing gas pressure. One possible

explanation for this phenomenon is that the interface between
Calibration Was conducted by filling the chamber with helium the gun chamber and test section is restricted by a 3mm
and nitrogen gas to. known pressures from zero to 200 diameter orifice. Since the gun operates on hydrogen, it is

microns, firing the gun, and measuring the fluorescence signal necessary to maintain the H, pressure inside the gun chamber
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at a higher val ue than the test chamber to minimize possible analysis, assuming that the peak signal can be captured using
contamination. However, as the pressure differential between a gated detector. Following a final calibration in the arcjet test
chambers increases, there is a corresponding rise in H2 flow chamber, and assuming similar results to those already
rate from the PEG to the test section. The dynamics observed, measurements of arcjet plume density using the
associated with higher Hydrogen flow rates inside the PEG PEBF technique will begin shortly.
may cause instabilities in the discharge.
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Figure 14: Integrated Signal vs. Pressure, He and N,

Figure 12: Signal vs. Time, Helium Gas

Some work remains, to verify these results. To investigate
facility-dependent effects, the calibration must be repeated in
the arcjet test chamber before operational use. Furthermore, it
is desirable 7 to conduct the calibration with beam-current Part Il: Energy Deposition Modes within the
measuring equipment in place and with an appropriate Nozzle of a High Power Ammonia Arcjet
vacuum isolation system. Although the averaged-signal
method dis&ussed here should compensate for pulse-to-pulse Background
irregularities in beam current, collimation, and trigger time,
the possibility of spurious results due to an interaction Greater understanding of the arcjet internal chemical kinetics
between the chamber and gun environments cannot be ruled is required to improve high power arcjet performance. While
out. extensive work has been performed in the plume region, the

investigation must shift to the interior to better understand the
300 1plasma expansion process. Therefore, a research effort was

2 initiated to determine the characteristics of electric arc energy
deposition to propellant flow within the nozzle of the arcjet

16 mTorr using emission spectroscopy. To gain access to the plasma
. 0inside the arcjet nozzle interior, three optical access ports

I_-._,. were equally spaced axially along the expansion nozzle of a
75oiTwr 26 kW class NH 3 arcjet. The results obtained will be used to

100 A' ____ design new, more efficient nozzles for 30 kW class arcjets
35mTor and to increase the data base for improved computational

S codes. Neutral excitation, ionic excitation, vibrational, and
0 -rnTorr rotational temperatures were determined using a variety of

0 100 200 300 400 spectroscopic techniques.
Time (as)

Experimental Technique
Figure 13: Signal vs. time, Nitrogen Gas

Experimental Setup

Nonetheless, the results reported here indicate that the PEBF
system can be used as an accurate density diagnostic in an The arcjet used for this research program was the USAF 26
arcjet plume environment. The linear relationship between kW 'class laboratory thruster. The basic arcjet configuration
helium density and peak signal will significantly simplify and design is extensively discussed in reference 26. The area

ratio of the nozzle is 100 with a constrictor length and
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diameter of 0.1 inches, an expansion angle of 380, and a Laboratory at Edwards AFB, California. An emission
nozzle length of 1.307 inches. The arcjet was operated on 250 spectroscopy system was developed specifically for internal
mg/sec of ammonia at a power level of 17.7 kW (151 A, 117 arcjet optical diagnostics.26 Figure 16 shows the optical train
"v' in a 200 millitorr background environment, used to collect the emission signal from the arcjet interior

through the optical access ports. After the signal is collected,
Much of the work discussed here parallels that of Zube and it is focused onto the entrance slit of a Czerny-Turner 0.5 m
Myers with the exception that they worked exclusively on low Acton Research SpectraPro-500 spectrometer. The
power arcjets while this effort pertains only to the 30 kW spectrometer contained a turret with three holographically
class arcjetY' Note that the three optical access holes were blazed gratings of 2400, 1200, and 600 groove/mm. At a
drilled through both sides of the nozzle, as shown in Figure wavelength of 435.8 and with a 1200 groove/mm grating, the
15, to minimize internal reflections. Zube and system had a resolution of 0.05 nm in the first order. A
Autweter-Kurtz" likewise used access holes completely Princeton Instruments thermo-electrically cooled CCD
through the arcjet in their study of the constrictor region and detector with a UTV scihtillator was used to obtain the resultant
showed that reflections were insignificant when compared to spectra. A relative intensity calibration of the spectroscopy
tie total signal. From the interior wall of the arcjet nozzle, a system was performed by focusing on the filament of a quartz
0.020 inch diameter optical access passage was generated for tungsten ribbon lamp with a calibration traceable to the
the first 0.100 inches; at that point the port was expanded to National Institute of Standards and Technology. The arcjet
0.080 inches to the outer edge of the anode/nozzle. The most was placed on a three axis translation system with
upstream optical access port was placed just downstream of repeatability of 0.001 inches and a straight line accuracy of
the constrictor .(0.100 inches) while the remaining two optical 0.0005 in/in to provide proper alignment of the spectroscopy
ports were positioned equidistantly between the first port and collection system with the optical access holes.
the nozzle exit. The ratios of the optical access port areas to
the corresponding expansion nozzle area compared favorably
with those of Zube and Myers.2Y They determined that the
optical access ports did not affect the performance of the co,-,inn

arcjet within the resolution of their thrust stand (<2%). A ,. OcalA-= Po bmro

coml arison of thrust measuremehts, both with the holes openl
and then plugged,-is the best method for determining whether AZI0
the optical access technique is intrusive. Unfortunately, thrust sp,"Maf dc.] P,,li,•
stand measurements have not been taken as of this writing. It Band• Ithz Lew

is still believed that whereas the area. ratios of the holes to
access, point nozzle areas are comparable or smaller than
those of Zube and Myers, it is reasonable to assume that these OptiTable
access ports do not perturb the arcjet operating characteristics

significantly. Further, no preferential arc attachment was seen Cc, Wa

near or -around the optical access ports and no other Figure 16: Emission Spectroscopy Experimental Setup
non-standard arc behavior was in evidence throughout testing.

Spectroscopic Techniques

For the experiments discussed here, the standard Boltzmann
plot technique was employed to obtain excited state

Q ( 0 temperatures. If the spectral resolution allowed, data from
5-10 transition lines were used with the following equation:

1040.In [-Et ~ + In (hj) (3)
_LcA ijgl 7(3)71

SDwhere Ij is the intensity of the transition from level i to level

1 3.07- j, uX is the wavelength of -the transition, AQi is the atomic
transition probability, E, is the energy of the upper level, h is

Figure 15: Optical Access holes in Arejet Nozzle. Hole Numbers the Planck constant, n is the species density, Z is the
are referred to throughout this section. electronic partition function, and c is the speed of light in

Twimvacuum. Temperature is determined.from the slope of the lineUThis project was conducted in vacuum chamber 2 of the of right hand side of Equation.3 plotted versus the energy E1
of each upper level in the transition. Since only the slope of
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the line is of interest, the values inside the logarithmic terms rotational temperature of the species by the best match with

need only be known relativly to determine temperature. In the experimental spectral data. Previous studies of internal

arcjet plasmas where PLTE conditions usually exist, the lower arcjet plasma have utilized N, and N, vibrational-rotational
energy levels are likely to be underpopulated and theresulting bands that are relatively dense and exhibit strong overlap
transitions from these levels are not in equilibrium with one between the various rotational bands.17'29 NTH exhibits what

another. Higher energy levels are more likely to be in initially appears as a much more open band structure;
collisional, and thus thermal, equilibrium with the electrons of however, with the instrument resolution available, the triplet
the plasma.2 ' 3• structure of the rotational transitions were not fully resolved.

Due to the coupling of the rotational angular momentum to

Since different energy modes are available within the plasma, the spin angular momentum of the unpaired electrons of the

several distinct and nonequilibrated temperatures can be 3'I upper and ýL lower states of NH, each of the rotational

thought to exist. Due to sufficient molecular recombination or levels is caused to split into three sub-levels of slightly
the lack of dissociation, polyatomic species will exist in the different energy. For each energy level, the transitions in the
cooler plasma regions of an arcjet nozzle. Two modes of R and P branches will be multiplets of three lines having
energy deposition, the vibrational and rotational oscillatory identical angular momentum about the nuclear axis, but
modes, can be found for polyatomic species through the use different spins."3 '2  A computer code developed, by Welle3"
of emission spectroscopy. For this work, the vibrational and was used to simulate the spectra of the v11 = 0 -_ -0.=0 P
rotational temperatures of NH were determined. The branch vibrational-rotational transition. The simulated
vibrational-rotational transitions used to examine NH spectra, consisting -of a series of transitions with the
represent the second most intense spectral features after the appropriate wavelengths, are convolved with a line shape to
hydrogen Balmer series and are in an easily obtained portion match that seen through the spectrometer and CCD detector.
of the spectrum. For measurements at maximum dispersion (2400

grooves/mm), a Lorentzian line shape with a full width half
Vibrational temperature was determined using the integrated maximum of 4 wave numbers matched the data well. The
intensity ratio of two vibrational-rotational bands and by rotational temperature was found by iterating until the best
employing: the assumption of LTE. A Boltzmann type plot match was found. It was estimated that this iterative
would hav6r resulted in a more precise measurement and procedure was accurate to within 250 K.
would have also allowed for a determination of the
equilibrium' :within the different vibrational energy levels. Results
However, NH only presented two vibrational transitions that
were of sufficient intensity to measure. The- two transitions The initial viewing throught the optical access ports showed

used to deterinine the NH vibrational temperature were the Q that diagnostics well suited to the plume were not always
branch v11'= 0 --f V = 0 and v1 = 1 -4 V = 1 vibrational effective within Ithe arcjet nozzle. Conditions in the furthest
transitions of the A3 I -- X3 Z-molecular transition. These downstream access port (hole 3) of the nozzle were found to
two transitions have band heads at 336.1 and 337.3 nm, be similar to those in the plume, while the most upstream
respectively. Required NH spectral constants was taken from port (hole 1) exhibits ionized species not found in the plume.
Lents.3 - Herzberg states that the vibrational temperature can
be calculated from the intensity ratio of two molecular bands Boltzmann plots to determine excitation temperatures were

attempted for three different species: H, NI, and NIl. The

Tvib - GI-G, hydrogen Balmer series, which is in the visible and near UV
kn (4) region of the spectra, is easily accessible for spectroscopic

LJ1S1fJ analysis. However, the Balmer transitions are extremely
where G is the energy of the vibrational level and f is the sensitive to Stark broadening which presented difficulties,

oscillator strength." This method primarily requires that the especially in port 1.- Upper excited state transitions were
spectral bands are non-overlapping so that band intensities found to be too broadened and indistinguishable from the
can be determined unambiguously. background noise. This broadening was exacerbated by

overlapping lines, especially in the upstream access ports.

The determination of NH rotational temperature presented a Therefore, the Boltzmann plots of the Balmer series, shown in
more complicated scenario. First, rotational spectra are nearly Figure 17, required the use of a moderate dispersion grating
always overlapped with other spectral bands and individual (1200 grooves/mm) so that the entire line shape* could be
transition lines. And second, the rotational spectra within the collected on the CCD detector. Note that the lower transitions
vibrational-rotational bands of NH were not fully resolved by are underpopulated and consequently were not used for

the spectrometer and. CCD detector; therefore, individual determining the best fit slope. Boltzmann plots of the second

rotational transitions were not distinguishable. It is common and third ports were readily obtained and the excitation
practice to analytically model the vibrational- rotational temperatures were found to be 16,600 and 12,500 K,

spectra, apply an instrument function, and then determine the respectively. Port 1 did not yield a satisfactory number of
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clear Balmer transitions for a Boltzmanin plot to be generated. 13.6 _..] |

In addition to extreme broadening, a number of overlapping 1.1.4

lines, primarily from ionized nitrogen, cluttered the signal
making line strength determinations impossible. Note that
when the two Boltzmann plots are compared, the t' 13
underpopulation of the lower energy levels is not as severe for 1. T22,OOOK

hole 2. This implies that the plasma at location 2 is more in < 1

equilibrium than is the plasma at location 3. Higher electron - 12.6

density within the nozzle at points further upstream allows for 1 21.4

higher electron collisional rates and PLTE is valid at lower
energy levels? 3  12.2

12 . .I . . . .
2- 20.5 21 21-5 22 .5 23.3
22 'Upper Level Energy (eV)

S22 .

Figure 18: .Boltzman Plot of NIT.
21 o (Temperature taken at hole #1)

*- 20

M- 6,600K Vibrational and rotational temperatures of N14 were
T3 •o= ,2SK determined from the A -1 X32- transition. The Q branches

of the v/-=0-4 v-1=0 and v11= 1 -4 V=- Ivibrational
17 transitions were used to determine the vibrational temperature

1 [ of NH, refer to Figure 19. Vibrational temperatures for ports
1, 2, and 3 were found to be 4300, 4200, and 3750 K,

-14 -12 -10 -6 ..6 .4 ..2 0 respectively.- Rotational temperatures were determined from
Upper Energy Level (v) the P branch of the v, = 0 ---) = 0 tiansition. An example of

both the simulated and experimental spectra for hole 3 is
Figure 17: Boltzman Plot of Hydrogen Balmer Series. shown in Figure 20. Rotational temperatures for ports 1, 2,(Temnperatures are taken at holes #2 and 43)sowinFgr20Rtaoalem rtusfrpos!,,

and 3 were found to be 3750, 3750, and 3500 K, respedtively.

Figure 18, which shows the Boltzmann plots generated for -

ionized nitrogen (NHII), gives the excitation temperatures for
port 1 as 22,000. Unlike the hydrogen Balmer series the NII 00 Trnsition

spectra were not significan'tly broadened. However, the
intensity of the NII spectra were seen to rapidly diminish in
S the downstream direction. While the spectra was sufficiently
intense to allow the generation of Boltzmann plots for the first
hole, the line strenigths of the spectra from holes 2 and 3 were
insufficient to produce meaningful results.

Qll Transition

:Although Tahara et al and Zube and Myers both used atomic
nitrogen (NI) spectra to determine excitation temperatures
(Tahara et aI by use of a Boltzmann plot and Zube and Myers 332 333 3Ku 335 336 337 338 339 340

by line intensity ratio), the NI line strengths were found to be W.velength (,m)

'too weak in this study to generate Boltzmann plots.2 7'29 The Figure 19: NH Vibrational Transitions
reason for this is not fully understood; however, it should be
pointed out that neither of Tahara et al nor Zube and Myers
used ammonia as a propellant. Tahara et al used 100% It should be noted that the vibrational temperatures
nitrogen and Zube and Myers used simulated hydrazine. determined here should be treated with extreme caution. Only
Therefore, a likely explanation is that there are differences in two transitions lines were available and there is no real way to
the propellant chemistry that have significantly removed the quantify the effect of nonequilibrium on these measurements.
nitrogen atoms from the plasma when. NH, is used as a Excluding nonequilibrium effects, it can be assumed that
propellant mixture rather than N. directly. vibrational temperatures are correct to within the uncertainty

of the spectral constants (25%); the measurements have an
experimental uncertainty of 10%.27'20 The simulated and
experimental matching of the P branch v" = 0 - v= 0
transition exhibited some signs of nonequilibrium.
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Nonequilibrium behavior was manifested as a non-Boltzmann by nonequilibrium and caution should be taken in using this
population distribution within the rotational energy levels data. While the rotational spectra showed some
which made temperature determination with the LTE nonequilibrium effects, there is mote confidence in the
simulation somewhat difficult, measurements since the experimental spectra compared well

to the simulated LTE spectra.
25,000

-0,000 NRtVib

"Mlodel ._ _.NII

015,000

"• • .si,ooo

. ... 5,000

338 339 W40 341 .42 343 344 345 3476 0 .[
Wavelength (nm) 0 0.05 0.1 .0.15 " 0.2) 025 0.3 0.35 0.4

Figure 20: Comparison of Sinulated and Experhnental N H 1/[Nozzle Are Ratio]

Spectra Figure 21: Temperatures within the Arcjet Nozzle

-It is important to note that the low molecular temperatures
determined for NTH as compared to the excitation temperatures Conclusions
of HI and' NII are not necessarily a result of nonequilibrium.
Rather, the .results are primarily an artifact of the gas Diagnostics for measuring the species velocity, density and
temperature -.and density non-uniformity within the arcjet temperature are being developed through a collaborative
nozzle. NII and to a lesser extent hydrogen .are primarily effort between the Air Force Phillips Laboratory and the
concentrated.in the hot inner core flow along the centerline of University of Southern California. The development of these

the nozzle. This region is too hot to support a population of diagnostics is critical for the improvement of arcjet thruster
polyatomic particles. Therefore, NHr and other polyatomic technology by enhancing the overall understanding of nozzle
species are concentrated in the cooler outer portion of the- expansion and as a data base for computational models.
flow along the nozzle inner wall. These two sets of
temperatures represent different regions of the line of sight Through the use of Current Modulation Velocimetry, velocity
measurement afforded by the optical access ports. Further fluctuations are shown to be independent of-PPU current
"downstream, the flow becomes frozen and the energy modes, ripple. Plume emission appears to be the result of both
measured by their corresponding temperatures, ,are isolated electron recombination and, to a lesser extent, photon
and not allowed to equilibrate. The energy remaining in the reabsorption from the arc core. At this time it is inconclusive
modes then becomes a funiction of their relaxation times, whether the CMV diagnostic is intrunive and further
which may vary significantly between modes. investigation is needed.

Figure 20 illustrates all the measured temperatures for the Initial Pulsed Electron Beam Fluorescence (PEBF) calibration
arcjet during these tests. The HI and NrII excitation for helium and nitrogen have been completed. Helium
temperatures can be considered equivalent to the local emission was found to be directly proportional to the gas
electron temperature33 and are observed to fall with the density, making He a propitious gas for developing the PEBF
expansion of the flow as expected. Vibrational and rotational technique. However,. nitrogen calibration was found to
temperatures exhibited similar behavior in that they dropped potentially exhibit non-linear behavior.
only -slightly during the expansion process, but the trend is not
as clear as for the electron temperature. Figure 21 shows that Internal emission spectroscopy in a 30kW class arcjet has
the vibrational and rotational modes became frozen early in been demonstrated. NH was found to have vibrational and
the expansion and the relaxation times for these modes are rotational modes frozen throughout the nozzle expansion. In
longer than the particle residence times in the nozzle. the upstream region of the nozzle, ionized nitrogen appears to
However, the experimental uncertainties are over shadowed be a strong emitteri while in the downstream region, excited H
by the potential complications of nonequilibrium effects. is a good diagnostic species.
Vibrational temperature measurements were probably affected
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